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This article documents recent improvements to the acous- 
tic control system of the Thermal Acoustic Fatigue Appara- 
tus (TAFA), a progressive wave tube test facility at the NASA 
Langley Research Center, Hampton, VA. A brief summary of 
past acoustic performance is first given to serve as a basis of 
comparison with the new performance data using a multiple- 
input, closed-loop, narrow-band controller. Performance data 
in the form of test section acoustic power spectral densities 
and coherence are presented for a variety of input spectra 
including uniform, band-limited random and an expendable 
launch vehicle payload bay environment. 

The progressive wave tube (PWT) facility at NASA Langley 
Research Center, known astheThermal Acoustic Fatigue Ap- 
paratus (TAFA), is used to test structures for dynamic response 
and sonic fatigue due to combined, high-intensity thermal 
acoustic environments. Prior to 1994, it was used to support 
development of the thermal protection system for the Space 
Shuttleand theNational Aerospace Plane, and various generic 
hypersonic vehicle structures. 1 ' 3 During the period of 1994- 
1995, the facil ity underwent significant modifications to im- 
prove its performance. A photograph of the facil ity following 
the modifications is shown in Figure 1. Following these en- 
hancements, the facil ity was used for sonic fatigue studies of 
the wingstrake subcomponents on the FH i gh Speed Civil Trans- 
port. Most recently, and the subject of this article, are enhance- 
ments to the acoustic control system. A description of the con- 
trol system and selected performance characteristics are 
provided. Additional performance data and a description of a 
new thermal control system are documented in Reference 4. 

Pre-1995 Facility Performance 

Thecapabilitiesof theTAFA facility prior to thel995 modi- 
fications were previously documented by Clevenson and 
Daniels. 5 The system was driven by twoWyleWAS 3000 air- 
stream modulators, which provided an overall sound pressure 
level range of 125 to 165 dB overall sound pressure level 
(OASPL) and a useful frequency range of 50-200 Flz. Manual 
control of the acoustic level was performed by adjusting the 
output of a white noise signal generator and gain on the am- 
plifiers driving the air modulators. Typically, there were no 
attempts to adjust the acoustic spectrum shape in the test sec- 
tion. A 360 kW quartz lamp bank provided radiant heat with a 
peak heat flux of 54 W/cm 2 . The lamp bank consisted of ten- 
36 kW lamps units, each having six-6 kW quartz lamps behind 
a 2.54 cm thick quartz window. 

A typical test section acoustic pressure power spectral den- 
sity (PSD) is shown in Figure 2 for a 160 dB OASPL. Also 
shown in this and in subsequent PSD plots are the specified 
narrow-band spectrum levels, ±1.5 dB level, and ±6dB levels. 
The coherence between two test section microphones is shown 
in Figure 3 and helps to explain the quoted useful frequency 
range. 

Post-1995 Facility Performance 

In order to meet future testing requirements, extensive modi- 
fications were made to the sound generation system and to the 
wave tube itself. The heating system was left largely un- 
changed. A theoretical increase of 6 dB OASPL was projected 
by designing the system to utilize eight WAS 3000 air modula- 
tors compared to the two used in the previous system. A fur- 



Figurel. Photograph of the post-1995 TAFA facility in the four-modula- 
tor reduced configuration. 


ther increase of nearly 5 dB was expected by designing the test 
section to accommodate removable water-cooled insert chan- 
nels, which reduced its cross-sectional area from 1.9 x 0.33 m 
to 0.66 x 0.33 m. The frequency range was increased through 
the use of a longer horn design with a lower (15 Flz vs. 27 Flz 
in the old facility) cut-off frequency, use of insert channels in 
the test section to shift the frequency of significant standing 
waves above 500 Flz, and design of facility sidewall structures 
with resonances above 1000 Flz. The uniformity of the sound 
pressure field in the test section was improved through sev- 
eral means. A new, smooth exponential horn was designed to 
avoid the impedance mismatches of the old design. To mini- 
mi ze the effect of un correlated, broadband noise(which devel- 
ops as a byproduct of the sound generation system), a unique 
design was adopted which allows for the use of either two-, 
four-, or eight-modulators. When testing at the lower excita- 
tion levels for example, a two- modulator configuration might 
be used to achieve a lower background level over that of the 
four- or eight-modulator configurations. In doing so, the dy- 
namic range is extended. Lastly, a catenoidal design fortheter- 
mination section was used to smoothly expand from the test 
section. These configurations were used to benchmark the per- 
formance of the new acoustic controller. 

The only substantial change to the acoustic control system 
was the addition of a bank of four 1/3-octave band equal izers 
in series between the output of the white noise signal genera- 
tor and amplifiersdrivingtheairmodulators. Level control was 
still performed by manually adjusting the output of the signal 
generator and gain on the amplifiers. The process of adjusting 
the test section spectrum shape was both ti me-consumingand 
error prone. The effect of adjusting the level of a single 1/3- 
octave band was carried over to the neighboring 1/3-octave 
bands within one equalizer, and within the same band across 
equalizers. Thus, a nonunique and iterative process was re- 
quired to provide a flat spectrum. The time required to adjust 
theequalizers could be on theorderof 10-15 minutes; too long 
fortestingat high levels where fatiguelife may be short. In such 
cases, settings were established apriori using a dummy panel, 
but were still subject to day-to-day changes. Narrow-band con- 
trol was not possible using this approach. Lastly, spectrum 
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Figure 2. Test section acoustic pressure PSD of the pre-1995 TAFA facil- 
ity. 



Figure 3. Test section coherence of the pre-1995 TAFA facility. 


shaping was based on the spectrum at one point in the test 
section (typically at the upstream microphone). Thus, there 
was no way to control the spectrum across the extent of the test 
article. Even with all of these I imitations, a reasonably flat and 
coherent spectrum could still be achieved with some effort. 

The performance of the facility in all of its configurations 
was previously documented by Rizzi and Turner. 6 The modi- 
fications indicated above resulted in an increase in the maxi- 
mum OASPL by over 6 dB relative to the pre-1995 performance 
and an expansion of the frequency range to 40-480 Hz for the 
reduced configurations. A few results are included in this ar- 
ticle to assist in the performance evaluation of the new acous- 
tic controller. The average test section PSD in the eight-modu- 
lator reduced configuration is shown in Figure 4, for a 170 dB 
OASPL. The average PSD was taken between microphones lo- 
cated upstream and downstream of a dummy test article. The 
PSD of theindividual microphones may be found in Reference 
6. in thiscase, the upstream test section pressure was used for 
control. A relatively flat spectrum was achieved up to about 
400 Hz. The coherence between upstream and downstream lo- 
cations, shown in Figure 5, is nearly unity to about 460 Hz. 

Narrow Band Acoustic Controller Description 

During the year 2000, a new acoustic control system was 
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Figure4. Average test secti on pressure PSD of post-1995 TAFA facility 
in the eight-modulator reduced configuration. 



Figure 5. Coherence between the upstream and downsteam pressures of 
the post-1995 TAFA facility in the eight-modulator reduced configura- 
tion. 

installed and tested to enhance the capabilities of TAFA and 
to prepare the facility for future testing. Of paramount impor- 
tance was the need to have an automated means of shapi ng a 
wide variety of spectrum shapes in a fast and efficient man- 
ner. A commercial control system was selected and customized 
for use in this application. The system procured was the m+p 
international "Vi b2000 Vibration Control System,” heretofore 
referred to in this article as the control system. 7 The features 
of the basel i ne control system i ncl ude: 

• Narrow band closed-loop noise control . 

• Multiple control transducers (limited by the number of in- 
put channels) in either averaged, maximal, or minimal con- 
trol strategies. 

• Test spectrum specification with up to 99 breakpoints, sigma 
clipping (1.42-8), low and high alarm and abort limits for 
each frequency range. 

• Automated measurement and level scheduling. 

• Runs on a host PC computer under M icrosoft Windows NT. 

• Watchdog channels to limit the drive signal on an overall 
basis (in the tolerance mode) or on a narrow-band basis (in 
the notch/tolerance mode). 

Thewatchdogfeatureisuseful in PWT testing to ensure the 
integrity of thefacility and test article. In the tolerance mode, 
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it can be used to limit amplifier output to I ess than 12 amperes 
RMS, as required for theWyleWAS 3000 air modulators. It can 
also be used to limit test article structural response in either 
an RMS (tolerance mode) or narrow-band (notch/tolerance 
mode) basis. 

As with any other feedback controller, the control software 
compares the specified level with the actual level (referred to 
as the control signal) and adjusts thedrive signal to minimize 
the error between the two. The manner in which the control 
signal iscomputed has some bearing on the responsiveness of 
the control . This is briefly summarized here. For each control 
loop / and control channel, an averaged PSD is computed from 
several instantaneous PSDs using the usual formula: 

PSD {l) = — Y PSD, 

K j=i 

where K is the number of averages per control loop. For ex- 
ample if K = 5, the formula for two consecutive loops would 
look I ike this: 

PSD (1) = | ( PSD 1 + PSD 2 + PSD 3 + PSD 4 + PSD 5 ) 

PSD (2) = |( PSD 6 + PSD 7 + PSD 8 + PSD 9 + PSD 10 ) 

Note that no overlap is used in computing the averaged PSD. 
The control signal PSD is built by usinga weighted average of 
the averaged PSDs as: 

p SD (/) W -VPSD"J rd +PSD {i) 

' ^^control i\j 

where N is the average weighting factor. It is clear from the 
above equation that it takes two loops to get the control I er go- 
ing. But since the averaged information from the self check 
results is taken into account, the system is control ling from the 
first loop on. For example, 

PSD ( 2) _(A/-DPSD™ tro|+ PSD (2) 
r,:5L/ control yy 

pSD (3) (N-l)PSDZ trd +PSD i3) 

r,3L/ control 

If more than one channel is used for control, then the total 
control signal PSD is either the average over the whole fre- 
quency range, or the maximum or minimum on spectral line 
by spectral line bases of the individual control PSDs depend- 
ing on the control strategy sel ected . Note that while not a fea- 
ture of the control software, a weighted average in which some 
control channels are more important than others can be made 
possible by scaling the input sensitivities of the control chan- 
nels. The reader is referred to Reference 7 for additional infor- 
mation. 

At the request of NASA, several changes were made to the 
baseline control software to facilitate its use in PWT testing. 
These included: 

• Modification of the "open channel" algorithm to allow for 
low signal/noise ratios during the start of a test. 

• Specification of test spectrum breakpoints in Pa 2 /Plz, and 
display of RMS levels in dB. 

• A "last drive" capability, which allows the use of a pre-stored 
drive signal to enable quick start up and equalization of a 
test that has previously been run. This feature allows, for 
example, the si mulation of blast or launch loads. 

• Retention of supportfor both theFlewlett-Packard 3565Sand 
VXI front-ends. 

The modifications were implemented in the standard soft- 
ware package so that new features would be available in sub- 
sequent releases of the software. 

The particular implementation in TAFA is a dual -processor 
PC running Windows NT 4.0, an PIP 3565S front-end with 32 
i nput channels, and upto8 watchdog channelsfor each ofthe 
ampl i fi er outputs. The control channel s typi cal ly consi st of two 



Figure 6. Control pressure PSD for the eight-modulator reduced con- 
figuration at 171 dB. 

fluctuating pressure measurements in the test section located 
upstream and downstream of the test article. Note that an av- 
eraged control strategy of thi s type i s best for PWT testi ng as i t 
ensures a good acoustic spectrum across the test article. It does 
come, however, at the expense of the ability to maintain the 
specified spectra for any particular channel. The same drive 
signal served as input to each of up to 8 air modulators, as it 
was the aggregate test secti on acousti c envi ran ment bei ng con- 
trol led as opposed to the noise being generated by each modu- 
lator individually. 

In the foil owing cases, acoustic pressure was control led us- 
ing two Kulite model MIC-190-PIT pressure transducers in the 
'averaged' control strategy across the facility frequency range 
of 40-500 Plz. The transducers were flush mounted in a rigid 
panel and were located 0.3048 m upstream and 0.3048 m down- 
stream of the test section vertical centerline, alongthehorizon- 
tal centerline. In thecontrol software, the foil owing parameters 
were set: 

• A frequency resolution of 1 Plz. 

• Sigma clipping set to three. 

• Pligh and low alarm limits set to ±1.5 dB for each frequency 
range. 

•High and low abort limits set to ±6 dB for each frequency 
range. Note that for each test case, the high and low abort 
limits were never exceeded. Thus, these limits could prob- 
ably be tightened considerably. 

• Averages per loop K of 5 and average weighting factor N of 
5. 

Simultaneous with control data acquisition, time hi story data 
were acquired and processed on a separate computer (running 
MTS IDEAS M aster Series 7 data acquisition software with an 
HP VXI front-end) for each of thecontrol channels to measure 
coherence. 

Uniform Spectra Results 

For response validation testing, it isdesirableto have as flat 
an input spectrum as possible, so that the shape of structural 
response spectra are attri butabl e to the structural dynami cs and 
not a reflection of the input loading condition. This is particu- 
larly true when testing in the nonlinear structural response 
range. Flat input spectra were specified for the two, four, and 
eight-modulator reduced configurations from an OASPL of 140 
dB to near the configuration maximum in 6 dB increments. 
Results from the two- and four-modulator reduced configura- 
tions may be found in Reference4. Results for the eight-modu- 
lator reduced configuration are shown below. 

The control pressure spectrum is shown in Figure 6 at an 
OASPL of 171 dB. The PSD of the individual pressure trans- 
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Figure 7. Coherence between upstream and downstream locations for 
the eight-modulator reduced configuration at 171 dB. 



Figure 8. Drive signal PSD for the eight-modulator reduced configura- 
tion at 171 dB. 

ducers may be found in Reference 4. The control pressure spec- 
trum exhibits only a few points outside the ±1.5 dB alarm lim- 
its. Note that the spectrum is much better than previously ob- 
tained (see Figure 4) where significant reductions were 
observed beyond about 400 H z. Adherence to the specified 
spectra for the upstream and downstream locations (not shown) 
is considered very good, even though no effort is being made 
to control these individually. It is, in fact, much better than pre- 
vious manual control with 1/3-octave band equalizers, particu- 
larly at the high frequencies as noted above. Preli mi nary runs 
made using a single pressure transducer for control exhibited 
a much tighter control PSD than shown in Figure 6. Because 
this is not the normal operating mode of the facility, these re- 
sults were not included in this article. Coherence is nearly 
unity between the two locations (see Figure 7) for the entire 
frequency range. This represents an improvement over the 1997 
data (see Figure 5), which shows good coherence to about 460 
Hz, effectively increasingthefrequency range of thefacility to 
40-500 Flz. The drive signal PSD, shown in Figure 8, is meant 
to convey the distribution of energy required to maintain the 
desired spectrum, and the difficulty with which it would be 
to generate the signal using the previous 1/3-octave band equal - 



Figure 9. Control pressure PSD for a band limited random spectrum. 



Figure 10. Coherence between upstream and downstream locations for 
a band limited random spectrum. 



Figure 11. Drive signal PSD for a band limited random spectrum. 
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Figure 12. Control pressure PSD for a launch vehicle payload bay spec- 
trum. 

izer approach. F i nal I y, it should be noted that the presence of 
the controller also resulted in an increase in the maxi mum over- 
all level that can be achieved for a flat spectrum. Relative to 
the 1997 tests, the maximum level in the test section was in- 
creased to 172.4 dB, a gain of 0.7 dB. 

Band-Limited Random Spectra 

In order to excite resonant behavior without wasting acous- 
tic power, onetechniquesuccessfully employed on shakers is 
the application of band-limited random noise across a fre- 
quency range spanning resonant peaks. This is particularly 
advantageous when testingat high levelsasitcan increase the 
total power within the band compared with an otherwise uni- 
form spectrum. 

Results from a band-limited random condition with +6 dB 
levels between 100-150 and 300-350 Hz at 155 dB OASPL are 
shown in Figures 9-11. Notetheabil ity to hit the ±6 dB jumps 
without overshoot. This is clearly the result of the drop in drive 
signal at the jumps, as shown i n Figure 11, and would not be 
possible using 1/3-octave band equalizers. This test was per- 
formed in the two- modulator reduced configuration. Results 
from two variationsof this condition, one with asloped notch 
and one with a sharp notch, may be found in Reference 4. 


Expendable Launch Vehicle Payload Bay 

The interior acoustic environment of an expendable launch 
vehicle payload bay during launch was simulated to demon- 
strate the abi I ity of the controller to generate an actual load- 
ing spectrum. The spectrum level was specified on an octave 
band basis and these levels were converted to narrow bands 
for use by the controller. As is shown in Figure 12, the con- 
troller does a good job of maintaining the specified spectra. 
Note again the ability of the controller not to overshoot the 
jumps. The coherence across the frequency range was again 
excellent and may be found in Reference 4. 

Summary 

Substantial improvements to the performance of theTAFA 
progressi ve wave tube faci I i ty were made through the addi ti on 
of a new closed-loop acoustic controller. Acoustic control was 
improved in spectrum shaping abi I ity, test section coherence, 
the addition of multiple inputs to the control, and the time 
required to attain control . These improvements make possible 
the generation of a wide variety of test spectra, including blast 
or transient loadings using the "last drive" feature. In addition, 
the frequency range of the faci I ity was extended to 40-500 Hz 
from the previous 40-480 Hz and increases of up to nearly 1 
dB were noted in OASPL. Facility safety can also be enhanced 
through the watchdog feature of I i mi ting output power to the 
air modulators, and notchingcan be utilized to limitenergy to 
the test article within specified frequency bands. 
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